Tunable Kondo effect in a single donor atom 
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The Kondo effect has been observed in a single gate-tunable atom. The measurement device 
consists of a single As dopant incorporated in a Silicon nanostructure. The atomic orbitals of the 
dopant are tunable by the gate electric field. When they are tuned such that the ground state of the 
atomic system becomes a (nearly) degenerate superposition of two of the Silicon valleys, an exotic 
and hitherto unobserved valley Kondo effect appears. Together with the "regular" spin Kondo, the 
tunable valley Kondo effect allows for reversible electrical control over the symmetry of the Kondo 
ground state from an SU(2)- to an SU(4) -configuration. 



The addition of magnetic impurities to a metal leads 
to an anomalous increase of their resistance at low tem- 
perature. Although discovered in the 1930's, it took until 
the 1960's before this observation was satisfactorily ex- 
plained in the context of exchange interaction between 
the localized spin of the magnetic impurity and the de- 
localized conduction electrons in the metal [I]. This so- 
called Kondo effect is now one of the most widely stud- 
ied phenomena in condensed-matter physics [2] and plays 
a mayor role in the field of nanotechnology. Kondo ef- 
fects on single atoms have first been observed by STM- 
spectroscopy and were later discovered in a variety of 
mesoscopic devices ranging from quantum dots and car- 
bon nanotubes to single molecules |3J. 

Kondo effects, however, do not only arise from local- 
ized spins: in principle, the role of the electron spin can 
be replaced by another degree of freedom, for example or- 
bital momentum [3]. The simultaneous presence of both 
a spin- and an orbital degeneracy gives rise to an exotic 
SU(4)-Kondo effect, where "SU(4)" refers to the sym- 
metry of the corresponding Kondo ground state [SJ E]. 
SU(4) Kondo effects have received quite a lot of theoret- 
ical attention [6j [7] , but so far little experimental work 
exists [8]. 

The atomic orbitals of a gated donor in Si consist of 
linear combinations of the sixfold degenerate valleys of 
the Si conduction band. The orbital- (or more specifi- 
cally valley) -degeneracy of the atomic ground state is 
tunable by the gate electric field. The valley splitting 
ranges from ~ 1 meV at high fields (where the electron 
is pulled towards the gate interface) to being equal to the 
donors valley-orbit splitting (~ 10-20 meV) at low fields 
[9 , 10 . This tunability essentially originates from a gate- 
induced quantum confinement transition |10j . namely 
from Coulombic confinement at the donor site to 2D- 
confinement at the gate interface. 

In this article we study Kondo effects on a novel exper- 
imental system, a single donor atom in a Silicon nano- 
MOSFET. The charge state of this single dopant can be 
tuned by the gate electrode such that a single electron 
(spin) is localized on the site. Compared to quantum dots 



(or artificial atoms) in Silicon [TTJ [T^l H3j , gated dopants 
have a large charging energy compared to the level spac- 
ing due to their typically much smaller size. As a result, 
the orbital degree of freedom of the atom starts to play 
an important role in the Kondo interaction. As we will 
argue in this article, at high gate field, where a (near) de- 
generacy is created, the valley index forms a good quan- 
tum number and Valley Kondo [14 effects, which have 
not been observed before, appear. Moreover, the Valley 
Kondo resonance in a gated donor can be switched on and 
off by the gate electrode, which provides for an electri- 
cally controllable quantum phase transition |I5j between 
the regular SU(2) spin- and the SU(4) -Kondo ground 
states. 

In our experiment we use wrap-around gate (FinFET) 
devices, see Fig.JTJa), with a single Arsenic donor in the 
channel dominating the sub-threshold transport charac- 
teristics [16]. Several recent experiments have shown that 
the fingerprint of a single dopant can be identified in 
low-temperature transport through small CMOS devices 
[ini HZl HE] • We perform transport spectroscopy (at 4K) 
on a large ensemble of FinFET devices and select the 
few that show this fingerprint, which essentially consists 
of a pair of characteristic transport resonances associ- 
ated with the one-electron (D )- and two-electron (D _ ) 
-charge states of the single donor [IB]. From previous 
research we know that the valley splitting in our Fin- 
FET devices is typically on the order of a few meV's. 
In this Report, we present several such devices that are 
in addition characterized by strong tunnel coupling to 
the source/drain contacts which allows for sufficient ex- 
change processes between the metallic contacts and the 
atom to observe Kondo effects. 

Fig. [I]) shows a zero bias differential conductance 
(dlgrj/dVsD) trace at 4.2 K as a function of gate volt- 
age (Vg) of one of the strongly coupled FinFETs (J17). 
At the Vg such that a donor level in the barrier is 
aligned with the Fermi energy in the source-drain con- 
tacts (Ep), electrons can tunnel via the level from source 
to drain (and vice versa) and we observe an increase in 
the dlgrj/dVgD- The conductance peaks indicated by 
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FIG. 1: Coulomb blocked transport through a single donor in 
FinFET devices (a) Colored Scanning Electron Micrograph 
of a typical FinFET device, (b) Differential conductance 
(dlsD/dVso) versus gate voltage at Vsd = 0. (D°) and (D~) 
indicate respectively the transport resonances of the one- and 
two -electron state of a single As donor located in the Fin- 
FET channel. Inset: Band diagram of the FinFET along the 
a;-axis, with the (D°) charge state on resonance, (c) and (d) 
Colormap of the differential conductance (dlsD/dVsD) as a 
function of Vsd and Vg of samples J17 and H64. The red 
dots indicate the (D°) resonances and data were taken at 1.6 
K. All the features inside the Coulomb diamonds are due to 
second-order charge fluctuations (see text). 



(D°) and (D~) are the transport resonances via the one- 
electron and two-electron charge states respectively. At 
high gate voltages (Vg > 450 mV) , the conduction band 
in the channel is pushed below Ep and the FET channel 
starts to open. The D - resonance has a peculiar double 
peak shape which we attribute to capacitive coupling of 
the D~ state to surrounding As atoms [19]. The current 
between the D° and the D~ charge state is suppressed 
by Coulomb blockade. 

The dlsD/dVsD around the (D°) and (D~) resonances 
of sample J17 and sample H64 are depicted in Fig.[lJ 
and Fig.[ljl respectively. The red dots indicate the po- 
sitions of the (D°) resonance and the solid black lines 
crossing the red dots mark the outline of its conducting 



region. Sample J17 shows a first excited state at inside 
the conducting region (+/- 2mV), indicated by a solid 
black line, associated with the valley splitting (A = 2 
mV) of the ground state [TO]. The black dashed lines 
indicate Vsd = 0. Inside the Coulomb diamond there 
is one electron localized on the single As donor and all 
the observable transport in this region finds its origin in 
second-order exchange processes, i.e. transport via a vir- 
tual state of the As atom. Sample J 17 exhibits three clear 
resonances (indicated by the dashed and dashed-dotted 
black lines) starting from the (D°) conducting region and 
running through the Coulomb diamond at -2, and 2 mV. 
The -2 mV and 2 mV resonances are due to a second or- 
der transition where an electron from the source enters 
one valley state, an the donor-bound electron leaves from 
another valley state (see Fig.[2^b)). The zero bias reso- 
nance, however, is typically associated with spin Kondo 
effects, which happen within the same valley state. In 
sample H64, the pattern of the resonances looks much 
more complicated. We observe a resonance around mV 
and (interrupted) resonances that shift in Vsd as a func- 
tion of Vq, indicating a gradual change of the internal 
level spectrum as a function of Vq. We see a large in- 
crease in conductance where one of the resonances crosses 
Vsd = (at Vq ~ 4A5mV, indicated by the red dashed 
elipsoid). Here the ground state has a full valley degen- 
eracy, as we will show in the final paragraph. There is a 
similar feature in sample J 17 at Vq ~ ^lAmV in Fig.[TJ; 
(see also the red cross in Fig. [I]}), although that is prob- 
ably related to a nearby defect. Because of the relative 
simplicity of its differential conductance pattern, we will 
mainly use data obtained from sample J 17. In order to 
investigate the behavior at the degeneracy point of two 
valley states we use sample H64. 

In the following paragraphs we investigate the second- 
order transport in more detail, in particular its temper- 
ature dependence, fine-structure, magnetic field depen- 
dence and dependence on A. 

We start by analyzing the temperature (T) dependence 
of sample J17. Fig. [2^ shows dlso/dVsD as a function 
of Vsd inside the Coulomb diamond (at Vq=395 mV) 
for a range of temperatures. As can be readily observed 
from Fig. [2^,, both the zero bias resonance and the two 
resonances at Vsd = +/- A mV are suppressed with 
increasing T. The inset of Fig.|2ji shows the maxima 
(dI/dV)MAX of the -2 mV and mV resonances as a 
function of T. We observe a logarithmic dependence 
on T (a hallmark sign of Kondo correlations) at both 
resonances, as indicated by the red line. To investigate 
this point further we analyze another sample (H67) which 
has sharper resonances and of which more temperature- 
dependent data were obtained, see Fig.[2j3. This sample 
also exhibits the three resonances, now at ~ -1, and 
+ lmV, and the same strong suppression by tempera- 
ture. A linear background was removed for clarity. We 
extracted the (dl /cLV)max of all three resonances for 
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FIG. 2: Electrical transport through a single donor atom in the Coulomb blocked region (a) Differential conductance of sample 
J17 as a function of Vsd in the Kondo regime (at Vg = 395mV). For clarity, the temperature traces have been offset by 50 nS 
with respect to each other. Both the resonances with- and without valley-state flip scale similarly with increasing temperature. 
Inset: Conductance maxima of the resonances at VsD=-2mV and OmV as a function of temperature, (b) Schematic depiction 
of three (out of several) second-order processes underlying the zero bias and ±A resonances, (c) Differential conductance 
of sample H67 as a function of Vsd in the Kondo regime between 0.3 K and 6K. A linear (and temperature independent) 
background on the order of 1 jj,S was removed and the traces have been offset by 90 nS with respect to each other for clarity, 
(d) The conductance maxima of the three resonances of (c) normalized to their 0.3 K value. The red line is a fit of the data by 
Eq.0 



all temperatures and normalized them to their respective 
(dI/dV) M AX at 300 mK. The result is plotted in Fig.|Ji. 
We again observe that all three peaks have the same (log- 
arithmic) dependence on temperature. This dependence 
is described well by the following phenomenological rela- 
tionship [2U] 

(dI s »/dV S n) max (T) = (dI SB /dV SB ) Q ( j^j^ j +-9o 

K (1) 

where T K = T K /VW S - 1, (dI SB /dV SI) ) Q is the zero- 
temperature conductance, s is a constant equal to 0.22 
p?T] and go is a constant. Here Tk is the Kondo tem- 



perature. The red curve in Fig.[2]i is a fit of Eq. ([I]) to 
the data. We readily observe that the data fit well and 
extract a Tk of 2.7 K. The temperature scaling demon- 
strates that both the no valley-state flip resonance at zero 
bias voltage and the valley-state flip -resonance at finite 
bias are due to Kondo-type processes. 

Although a few examples of finite-bias Kondo have 
been reported [T5J 1221 123] 5 the corresponding resonances 
(such as our ±A resonances) are typically associated with 
in-elastic cotunneling. A finite bias between the leads 
breaks the coherence due to dissipative transitions in 
which electrons are transmitted from the high-potential- 
lead to the low-potential lead 24J. These dissipative 
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transitions limit the lifetime of the Kondo-type processes 
and, if strong enough, would only allow for in-elastic 
events. In the supporting online text we estimate the 
Kondo lifetime in our system and show it is large enough 
to sustain the finite-bias Kondo effects. 

The Kondo nature of the +/- A mV resonances points 
strongly towards a Valley Kondo effect [14], where co- 
herent (second-order) exchange between the delocalized 
electrons in the contacts and the localized electron on the 
dopant forms a many-body singlet state that screens the 
valley index. Together with the more familiar spin Kondo 
effect, where a many-body state screens the spin index, 
this leads to an SU(4)-Kondo effect, where the spin and 
charge degree of freedom are fully entangled |5] • The ob- 
served scaling of the +/- A- and zero bias -resonances in 
our samples by a single Tk is an indication that such a 
fourfold degenerate SU(4)-Kondo ground state has been 
formed. 

To investigate the Kondo nature of the transport fur- 
ther, we analyze the substructure of the resonances of 
sample J17, see Fig. [2^,. The central resonance and the 
Vsd = -2 mV each consist of three separate peaks. A sim- 
ilar substructure can be observed in sample H67, albeit 
less clear (see Fig. [2]:). The substructure can be explained 
in the context of SU(4)-Kondo in combination with a 
small difference between the coupling of the ground state 
(Fgs)- and the first excited state (Tei) -to the leads. It 
has been theoretically predicted that even a small asym- 
metry (i/3 = T E i/T GS = 1) splits the Valley Kondo den- 
sity of states into an SU(2)- and an SU(4) -part [55] . This 
will cause both the valley-state flip- and the no valley- 
state flip resonances to split in three, where the middle 
peak is the SU(2)-part and the side-peaks are the Sub- 
parts . A more detailed description of the substructure 
can be found in the supporting online text. The split- 
ting between middle and side-peaks should be roughly 
on the order of Tk [25] . The measured splitting between 
the SU(2)- and SU(4) -parts equals about 0.5 meV for 
sample J17 and 0.25 meV for sample H67, which thus 
corresponds to Tk — 6 K and Tk — 3 K respectively, for 
the latter in line with the Kondo temperature obtained 
from the temperature dependence. We further note that 
dlgD /dVsD is smaller than what we would expect for the 
Kondo conductance at T < Tk- However, the only other 
study of the Kondo effect in Silicon where Tk could be 
determined showed a similar magnitude of the Kondo 
signal [T2]. The presence of this substructure in both 
the valley-state flip-, and the no valley-state flip -Kondo 
resonance thus also points at a Valley Kondo effect. 

As a third step, we turn our attention to the magnetic 
field (B) dependence of the resonances. Fig. [3] shows a 
colormap plot of dlso/dVsD for samples J17 and H64 
both as a function of Vsd and B at 300 mK. The traces 
were again taken within the Coulomb diamond. At finite 
magnetic field, the central Kondo resonances of both de- 
vices split in two with a splitting of 2.2-2.4 mV at B = 
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FIG. 3: Colormap plot of the conductance as a function of 
V S d and B of sample J17 at V G = 395 mV (a) and H64 at 
Vg = 464 mV (b). The central Kondo resonances split in two 
lines which are separated by 2g* hbB. The resonances with 
a valley-state flip do not seem to split in magnetic field, a 
feature we associate with the different decay-time of parallel 
and anti-parallel spin-configurations of the doubly-occupied 
virtual state (see text). 



10 T. From theoretical considerations we expect the cen- 
tral Valley Kondo resonance to split in two by Ab — 
2g* [XbB if there is no mixing of valley index (this typical 
2g* fisB-splittrng of the resonances is one of the hall- 
marks of the Kondo effect !24J), and to split in three 
(each separated by g* (J-bB) if there is a certain degree of 
valley index mixing [15]. Here, g* is the g-factor (1.998 
for As in Si) and \xb is the Bohr magneton. In the case 
of full mixing of valley index, the valley Kondo effect 
is expected to vanish and only spin Kondo will remain 
|25] . By comparing our measured magnetic field splitting 
(Ab) with 2g*/j,BB, we find a g-factor between 2.1 and 
2.4 for all three devices. This is comparable to the result 
of Klein et al. who found a g-factor for electrons in SiGe 
quantum dots in the Kondo regime of around 2.2-2.3 |13j . 
The magnetic field dependence of the central resonance 
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indicates that there is no significant mixing of valley in- 
dex. This is an important observation as the occurrence 
of Valley Kondo in Si depends on the absence of mix- 
ing (and thus the valley index being a good quantum 
number in the process). The conservation of valley in- 
dex can be attributed to the symmetry of our system. 
The large 2D-confincment provided by the electric field 
gives strong reason to believe that the ground- and first 
excited -states, Eqs and Ey, consist of (linear combi- 
nations of) the k = (0,0, ±k z ) valleys (with z in the 
electric field direction) |10l I26j. As momentum perpen- 
dicular to the tunneling direction (k x , see Fig.[l]) is con- 
served, also valley index is conserved in tunneling |27j . 
The k = (0,0, ±/c z )-nature of Eqs and E\ should be as- 
sociated with the absence of significant exchange interac- 
tion between the two states which puts them in the non- 
interacting limit, and thus not in the correlated Heitler- 
London limit where singlets and triplets are formed. 

We further observe that the Valley Kondo resonances 
with a valley-state flip do not split in magnetic field, see 
Fig. [3] This behavior is seen in both samples, as indicated 
by the black straight solid lines, and is most easily ob- 
served in sample J 17. These valley-state flip resonances 
are associated with different processes based on their evo- 
lution with magnetic field. The processes which involve 
both a valley flip and a spin flip are expected to shift 
to energies ±A ± g*[i B B, while those without a spin-flip 
stay at energies ±A [TU [5S]. We only seem to observe 
the resonances at ±A, i.e. the valley-state flip resonances 
without spin flip. In Ref [8], the processes with both an 
orbital and a spin flip also could not be observed. The 
authors attribute this to the broadening of the orbital- 
flip resonances. Here, we attribute the absence of the 
processes with spin flip to the difference in life-time be- 
tween the virtual valley state where two spins in seperate 
valleys are parallel (t||) and the virtual state where two 
spins in seperate valleys are anti-parallel (t^). In con- 
trast to the latter, in the parallel spin configuration the 
electron occupying the valley state with energy E±, can- 
not decay to the other valley state at Fiqs due to Pauli 
spin blockade. It would first needs to flip its spin (28]. We 
have estimated r-j-f and in our system (see supporting 
online text) and find that rtj >> h/k^Tj^ > t^, where 
h/k^TK is the characteristic time-scale of the Kondo pro- 
cesses. Thus, the antiparallel spin configuration will have 
relaxed before it has a change to build up a Kondo res- 
onance. Based on these lifetimes, we do not expect to 
observe the Kondo resonances associated with both an 
valley-state- and a spin -flip. 

Finally, we investigate the degeneracy point of valley 
states in the Coulomb diamond of sample H64. This 
degeneracy point is indicated in Fig[TJl by the red dashed 
ellipsoid. By means of the gate electrode, we can tunc 
our system onto- or off this degeneracy point. The gate- 
tunability in this sample is created by a reconfiguration of 
the level spectrum between the D° and D~- charge states, 
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FIG. 4: Colormap plot of Isd at Vsd = as a function of 
Vg and B. For increasing B, a conductance peak develops 
around Vg ~ 450 mV at the valley degeneracy point (A = 
0), indicated by the dashed black line. Inset: Magnetic field 
dependence of the valley degeneracy point. The resonance is 
fixed at zero bias and its magnitude does not depend on the 
magnetic field. 



probably due to Coulomb interactions in the D _ - states. 
Figure[4] shows a colormap plot of Isd at Vsd — as a 
function of Vg and B (at 0.3 K). Note that we are thus 
looking at the current associated with the central Kondo 
resonance. At B = 0, we observe an increasing Isd for 
higher Vg as the atom's -level is pushed toward Ep. 
As B is increased, the central Kondo resonance splits 
and moves away from Vsd = 0, see Fig.[3j This leads 
to a general decrease in Isd- However, at around Vg = 
450 mV a peak in Isd develops, indicated by the dashed 
black line. The applied _B-field splits off the resonances 
with spin-flip, but it is the valley Kondo resonance here 
that stays at zero bias voltage giving rise to the local 
current peak. The inset of Fig. [4] shows the single Kondo 
resonance in dlso/dVsD as a function of Vsd and B. We 
observe that the magnitude of the resonance does not 
decrease significantly with magnetic field in contrast to 
the situation at A ^ (Fig.^). This insensitivity of the 
Kondo effect to magnetic field which occurs only at A = 
indicates the profound role of valley Kondo processes 
in our structure. It is noteworthy to mention that at 
this specific combination of Vsd and Vq the device can 
potentially work as a spin-filter [5J. 
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Supporting Information 

FinFET Devices 

The FinFETs used in this study consist of a silicon 
nanowire connected to large contacts etched in a 60nm 
layer of p-type Silicon On Insulator. The wire is covered 
with a nitrided oxide (1.4 nm equivalent SiC>2 thickness) 
and a narrow poly-crystalline silicon wire is deposited 
perpendicularly on top to form a gate on three faces. Ion 
implantation over the entire surface forms n-type degen- 
erate source, drain, and gate electrodes while the channel 
protected by the gate remains p-type, see Fig. la of the 
main article. The conventional operation of this n-p-n 
field effect transistor is to apply a positive gate voltage 
to create an inversion in the channel and allow a current 
to flow. Unintentionally, there are As donors present be- 
low the Si/Si02 interface that show up in the transport 
characteristics pQ. 

Relation between A and Tk 

The information obtained on Tk in the main article 
allows us to investigate the relation between the splitting 
(A) of the ground (Eos)- and first excited (E\) -state 
and Tk- It is expected that Tk decreases as A increases, 
since a high A freezes out valley-state fluctuations. The 
relationship between Tk of an SU(4) system and A was 
calculated by Eto [2] in a poor mans scaling approach as 



orbital flip no orbital flip 



k B T K {A) 
k B T K {A = 0) 



k B T K {A = 0) 
A 



(2) 



where ip = Tpi/Tcs, with T^i and Tqs the lifetimes 
of Ei and Eos respectively. Due to the small A com- 
pared to the barrier height between the atom and the 
source/drain contact, we expect tp ~ 1. Together with 
A = lmeV and T K ~ 2.7 K (for sample H67) and A 
= 2meV and T K ~ 6K (for sample J 17), Eq.|2] yields 
k B T K {A)/k B T K {A = 0)=0.4 and k B T K (A) /k B T K (A = 
0)=0.3 respectively. We can thus conclude that the rela- 
tively high A, which separates Egs and E± well in energy, 
will certainly quench valley-state fluctuations to a certain 
degree but is not expected to reduce Tk to a level that 
Valley effects become obscured. 

Valley Kondo density of states 

Here, we explain in some more detail the relation be- 
tween the density of states induced by the Kondo effects 
and the resulting current. The Kondo density of states 
(DOS) has three main peaks, see Fig.[T^. A central peak 
at Ep = due to processes without valley-state flip and 
two peaks at E F = ±A due to processes with valley-state 
flip, as explained in the main text. Even a small asym- 
metry (tp close to 1) will split the Valley Kondo DOS into 
an SU(2)- and an SU(4) -part [3], indicated in FigJTJ) in 
black and red respectively. The SU(2)-part is positioned 
at E F = or E F = ±A, while the SU(4)-part will be 
shifted to slightly higher positive energy (on the order 
of Tk)- A voltage bias applied between the source and 




] orbital flip 



FIG. 1: (a) dlsD/dVsD as a function of Vsd in the Kondo 
regime (at 395 hiVg) of sample J17. The substructure in the 
Kondo resonances is the result of a small difference between 
r_Ei and Yes- This splits the peaks into a (central) SU(2)-part 
(black arrows) and two SU(4)-peaks (red arrows). (b) Density 
of states in the channel as a result of tp(= Tei/^gs) < 1 and 
applied Vsd- 



drain leads results in the Kondo peaks to split, leaving a 
copy of the original structure in the DOS now at the Ep 
of each lead, which is schematically indicated in Fig.[T|3 
by a separate DOS associated with each contact. The 
current density depends directly on the density of states 
present within the bias window defined by source/drain 
(indicated by the gray area in Fig[lJ>) 4 . The splitting 
between SU(2)- and SU(4) -processes will thus lead to a 
three-peak structure as a function of Vsd ■ 

Figure. [TJt has a few more noteworthy features. The 
zero-bias resonance is not positioned exactly at Vsd = 0, 
as can also be observed in the transport data (Fig lc of 
the main article) where it is a few hundred fieV above 
the Fermi energy near the D° charge state and a few 
hundred /ieV below the Fermi energy near the D - charge 
state. This feature is also known to arise in the Kondo 
strong coupling limit [B]. We further observe that 
the resonances at Vsd = +/- 2 mV differ substantially 
in magnitude. This asymmetry between the two side- 
peaks can actually be expected from SU(4) Kondo sys- 
tems where A is of the same order as (but of course al- 
ways smaller than) the energy spacing between Egs and 
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FIG. 2: (a) Differential conductance of sample J17 at Vsd = 
as a function of gate voltage (blue trace). The one-electron 
and two-electron charge states are indicated by D° and 
respectively. The red traces are Lorentzian fits to the left side 
of the D° and right side of D~ state to extract the FWHM 
(b) Calculated Kondo lifetime (t v ) versus Vsd for sample J17 
at V G = 395 mV. 



Ep , see Ref [7] . The +2 mV resonance is not large enough 
to clearly distinguish any substructure. 



Kondo Lifetime 

We associate the valley-state flip resonances with (co- 
herent) Kondo-type processes that occur at finite bias. 
However, a finite bias between the leads should break 
the coherence due to dissipative transitions in which elec- 
trons are transmitted from the high-potential-lead to the 
low-potential lead. These dissipative transitions limit the 
lifetime of the Kondo-type processes. Only if this so- 
called Kondo lifetime (t v ) is larger than the characteris- 
tic timescale of the Kondo processes (given by h/kbTx), 
finite bias Kondo can occur. If t v << h/kbTx, any trans- 
port through the atom where the localized electron flips 
its valley-state would be necessarily caused by inelastic 
co-tunneling events. 

Here, we estimate the Kondo life-time of sample J 17 
based on a Fermi's Golden Rule approach by Wingreen 
and Meir [8] . Following their derivation we obtain for the 
lifetime of the ground (a) and first excited state (b) 
of the atom 



1 

T 0J 
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2ttH 
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A = L,R 



r?rf,e U B 



Ma 



Hb 
(ma 



A* A 
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where j — a, b, \xa and \xb are the Fermi energies of 
respectively the source and drain electrodes, e a and e& 
are the energy of the ground and first excited state and 
and Tr are the tunnel rates to the source and drain 
respectively. We can find Tl and Tr of the ground state 
by analyzing the FWHMs and peak heights of the direct 
transport zero bias resonances. 

The total tunnel rate to the leads V = Tl + Tr follows 
from the FWHM of the D° and D" charge resonances, 
see fig. [2^. We fit these resonances by a Lorentzian peak 
shape (we only fit the left side of the D°- and right side 
of D~ -resonances as both peaks are slightly asymmet- 
ric due to the Kondo effect), indicated by the red traces. 
The FWHM of the resonances is a result of the life-time 
broadening T convoluted with the gaussian Fermi dis- 
tribution of the electrons in the lead, with a FWHM of 
3.5fc b T. We extract T from the fitted FWHM by decon- 
volution 0, and find T D ° = 1.6 meV, T D ~ = 4.1 meV. 

We obtain the ratio between Tl and Tr from the reso- 



nance peak conductions. We can readily observe that the 
system is in the coherent transport limit of hT >> k^T 
as FWHM ■ e » k b T [10 where T is the tunnel rate 
to the leads, see Fig. [2] Here the conductance can be 
written as [IT] 



G = 



4e 2 



Ll R 



(4) 



where Tl and Tr are the tunnel rates to the left and right 
lead respectively. The resonance maximums are obtained 
from Figk2a and combined with Eq. |i]andr D0 = 1.6 meV, 
T D ~ = 4.1 meV we find rf ° = 1.4 meV, rg° = 0.2 meV, 
rf " = 3.1 meV and T^T = 0.9 meV. 

We assume the coupling of the first excited state to 
the left and reight leads is equal to that of the ground 
state. This assumption is justified by the smallncss of the 
valley splitting (A) compared to the barrier heights and 
the comparable symmetry of the ground and first excited 
states. 
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FIG. 3: Conductance of sample J17 as a function of Vsd again 
at Vg = 395 mV if it would be in the cotunneling regime, so if 
[Tip » h/kbTK)- The graph can be compared directly with 
the measurements in Fig. 2a and Fig. 3 of the main article 

As such, we have calculated t v for sample J 17 as a 
function of Vsd at Vq = 395 mV, see Fig[2^. The values 
for fiA, fJ-B, £j and were extracted from the stability 
diagram. The figure thus shows t v for the measurements 
in Fig. 2(a) and Fig. 3(a) of the main article. The esti- 
mated t v at +/- 2mV is 25 ps. It should be noted that 
Eq.|3]captures only second-order fluctuations and ignores 
higher-order corrections to r„. We have calculated the 
fourth-order corrections on t v and found them to be in- 
significant compared to the contribution of second-order 
fluctuations. The estimated t v is significantly larger than 
h/kbTK, which is about 8 ps at Tr- = 6K, showing that 
finite-bias Kondo processes are very well possible in this 
system and we do not expect them to be significantly 
decohered by in-elastic co-tunneling processes. 

Figure|3]shows a calculation of the conductance of sam- 
ple J17 as a function of Vsd again at Vq = 395 mV if 
it would be in the cotunneling regime (t v >> h/k^Tj^)- 
Here we follow the derivation by Wegewijs and Nazarov 
|12j . There are steps at ± 2mV where the in-elastic co- 
tunneling via the first excited state sets in. As we can 
readily observe, the calculation suggests that no signifi- 
cant peak structure occurs on top of the steps at ± 2 mV 
as a result of change of occupation in the states involved. 
This provides another clue that the ± A resonances are 
not caused by in-elastic co-tunneling. 

Spin lifetimes 

We estimate the decay time of the anti-parallel spin 
configuration (r^) from the lifetime of the ls(E), ls(?2) 
excited states of Arsenic donors. These lifetimes were ex- 
perimentally determined for bulk As donors to be around 
10-100 ps [T3], but are expected to be much smaller in 
our system due to the close vicinity of the Si/SiC>2 in- 



FIG. 4: Schematic depiction of the virtual two electron state 
during the Kondo process. The parallel spin configuration (a) 
first needs to spin-flip to the anti-parallel configuration (b) 
before a recombination can take place. When two electron 
occupy either the first excited state Ei or ground state GS 
they necessarily have to form singlets. However, when two 
electrons are on different valley states, due to the absence of 
exchange interaction, no singlet-triplet formation takes place 
and the system is in the non- interacting limit. 

terface. The parallel spin configurations (with life-time 
Tjj) first needs to spin-flip to the anti-parallel configu- 
ration before a recombination can take place, see Fig. [4] 
A safe lower bound for the time-scale for such a spin- 
flip event is estimated from the T\ of confined elec- 
trons in the channel of Si FETs, which has been ex- 
perimentally determined to be 460 ns [T3]. The decay- 
times of both spin-configurations should be compared 
with the characteristic time-scale of the Kondo processes, 
which follows directly from the measured Kondo tem- 
perature as h/k b T K = 8ps. We can thus expect that 
Tj| >> h/ki,TK > T||, which explains why only the pro- 
cesses without spin-flip are observed in Fig. 3 of the main 
article. 
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